Objective: Examine thermocouple model uncertainty (reliability + validity). Design: First, a 3 × 3 repeated measures design with independent variables electrothermometers and thermocouple model. Second, a 1 × 3 repeated measures design with independent variable subprobe. Intervention: Three electrothermometers, 3 thermocouple models, a multi-sensor probe and a mercury thermometer measured a stable water bath. Main Outcome Measures: Temperature and absolute temperature differences between thermocouples and a mercury thermometer. Results: Thermocouple uncertainty was greater than manufactures' claims. For all thermocouple models, validity and reliability were better in the Iso-Themex than the Datalogger, but there were no practical differences between models within an electrothermometers. Validity of multi-sensor probes and thermocouples within a probe were not different but were greater than manufacturers' claims. Reliability of multiprobes and thermocouples within a probe were within manufacturers claims. Conclusion: Thermocouple models vary in reliability and validity. Scientists should test and report the uncertainty of their equipment rather than depending on manufactures' claims. Keywords: uncertainty, temperature, measurement, therapeutic modality research Electrothermometers and associated thermocouples are commonly used during therapeutic modality research to measure changes in tissue temperature. Since change in tissue temperature is the major reason for using therapeutic heat and cold, results of this type of research are used to establish clinical protocols. As with any scientific investigation, the results of these studies are only as useful as the reliability and validity of the equipment used to collect the data. Until recently, scientists have either ignored the issue or have accepted manufacturers reported accuracy (freedom from error) 1 for electrothermometers and thermocouples.
Electrothermometers and associated thermocouples are commonly used during therapeutic modality research to measure changes in tissue temperature. Since change in tissue temperature is the major reason for using therapeutic heat and cold, results of this type of research are used to establish clinical protocols. As with any scientific investigation, the results of these studies are only as useful as the reliability and validity of the equipment used to collect the data. Until recently, scientists have either ignored the issue or have accepted manufacturers reported accuracy (freedom from error) 1 for electrothermometers and thermocouples. [2] [3] [4] [5] [6] [7] We know of only one report of an independent investigation of the uncertainty of electrothermometers 8 and no report of the uncertainty of thermocouples. There are numerous types and models of thermocouples. Those used for therapeutic modality research are usually model-T copper-constantan thermocouples that fall into three categories: surface, intramuscular, and multi-sensor probes.
Those used for measuring surface temperature are larger and more rigid than those used for intramuscular measurements. Multi-sensor probes are 3 intramuscular thermocouples held together by a Teflon sheath (Figure 1 ). The distal ends of the 3 thermocouples are staggered a specific distance so temperatures can be measured at 3 depths with a single probe.
Scientists, equipment manufacturers, and the United States National Institute of Standards and Technology (NIST) have used different terminology to describe the adequacy of equipment such as electrothermometers and thermocouples. Scientists typically discuss reliability and validity of the instruments, while manufacturers refer to these concepts as "accuracy," and the NIST refers to them as "uncertainty" (reliability + validity). 9 We have reported differences in the uncertainty of three electrothermometers using a single thermocouple model. 8 In this investigation we simultaneously measured water temperature using 3 electrometers and a NIST calibrated mercury thermometer, certified at 0.01°C. Uncertainty for two Iso-Thermex units (calibrated for different temperature ranges) was less than manufacturer's specifications, while a Datalogger had greater uncertainty than its manufacture's claims and much greater than the two Iso-Thermex units. The present study was designed to extend the previous work by seeking answers to the following research questions concerning the reliability and validity (uncertainty) of various thermocouple models: (1) What is the reliability and validity of 3 different model-T copper-constantan thermocouples? (2) What is the reliability and validity of a multi-sensor probe? 
Methods
Two experiments were conducted. The first assessed the reliability and validity of measurements obtained from 3 thermocouple models within 3 different electrothermometers, while the second experiment assessed the 3 thermocouples within a multi-sensor probe.
Experiment I
Experimental Design. We assessed the differences in reliability and validity between 3 thermocouple models, (IT-18, IT-21, and PT-6) within 3 different electrothermometers (Iso-Thermex -50:50, Iso-Thermex -20:80, and Datalogger). The experimental design for this data collected was a 3 × 4 × 6 × 6 factorial with repeated measures on two factors (channel and trial). The independent variables were thermocouple model (PT-6, IT-18, and IT-21), temperature measuring device (Iso-Thermex -50:50, Iso-Thermex -20:80, Datalogger, and mercury thermometer), channel within an electrothermometer (6) , and trial (6) . The dependent variable was temperature.
Instruments. Three thermocouple models (PT-6, IT-18, IT-21; Physitemp Instruments, Inc., Clifton, NJ) were studied. The PT-6 is a 1.5 m long, Kapton insulated copper-constant thermocouple. The IT-18 is a 0.9 m long, 18 gauge, Teflon insulted copper-constant thermocouple. The IT-21 is a 0.3 m long, 21 gauge, Teflon insulated copper-constant thermocouple.
Thermocouples were interfaced with 1 to 3 electrothermometers: (1) a 6-channel Datalogger (MMS 3000-T6V4; Commtest Instruments LTD, Christchurch, NZ) with a temperature range of -250°C to 350°C; (2) a 16-channel Iso-Thermex (Columbus instruments, Columbus, OH), with a temperature range of -50°C to 50°C (Iso -50:50); and (3) a 16-channel Iso-Thermex with a temperature range of -20°C to 80°C (Iso -20:80) to record temperatures. Both Iso-Thermex units were calibrated according to the manufacture's recommendations, using a 3-point calibration. We did not calibrate the Datalogger because its manufacturer, Commtest Instruments, does not allow on-site calibration nor recommend scheduled recalibration. A NIST certified mercury thermometer (Fisher Scientific #15-059-18) graded at 0.1°C was used to measure water bath temperature. A Corning Stirrer PC 103 (Corning, Corning, NY) and magnetic stir bar circulated the water baths.
Experimental Procedures. Eighteen thermocouples (6 each; PT-6, IT-18, IT-21) were inserted through the wall of a 3 gallon Styrofoam cooler ~ 8 cm and secured with a silicone based polymer. Thermocouples were in 3 rows of 6 thermocouples each (two of each type), separated by 3 cm (Figure 2 ). The bottom row was 5 cm from the cooler. Thermocouples within a row were 3 cm apart from each other. Six thermocouples, 2 of each model, were connected to each of the 3 electrothermometers (6 channels in the Datalogger and 6 randomly selected channels in each Iso-Thermex). Data were collected simultaneously from the 3 electrothermometers and the mercury thermometer every 10 seconds for 3 minutes during each of 6 trials. Following each trial, the 6 thermocouples were rotated clockwise between the 6 channels of their respective electrothermometer, to eliminate channel variability from skewing temperature readings.
The cooler was positioned on a stir plate and filled with tap water, which had sat in the room overnight (16.3°C). A magnetic stir bar was centered in the bottom of the cooler and set at medium speed, such that a vortex was not created. A mercury thermometer was mounted on a ring stand and positioned in the water bath so that its bulb was approximately 3 cm from the bottom of the cooler. The same investigator read the mercury thermometer temperature throughout the experiment.
Experiment II
Experimental Design. We assessed the reliability and validity between 4 multisensor probes and between the 3 thermocouples within a multi-sensor probe ( Figure 1 ). The experimental design for this data collected was guided by a 3 × 4 factorial with repeated measures on one factor (trial). The independent variables were thermocouple (3 with each multi-sensor probe) and trial (4). The dependent variable was temperature.
Instruments. We used multi-sensor probes (Physitemp Instruments, Inc., Clifton, NJ) composed of 3 copper-constant thermocouples with a customized thermocouple spacing of 1 cm apart at the end of a 0.9 m long, 17 gauge, Teflon insulated probe. In addition, we used the Iso -50:50 electrothermometer, NIST certified mercury thermometer, Corning Stirrer and magnetic stir bar, which were describe in Experiment I.
Experimental Procedures. The 3 thermocouples within 4 multi-sensor probes ( Figure 1 ) were connected to sequential channels of the Iso -50:50. The multisensor probes were inserted through the Styrofoam cooler and immersed in a water bath kept at a constant temperature (18.4°C). The magnetic stir bar and mercury thermometer were positioned as described in Experiment I.
Measurements were recorded every 10 seconds for 3 minutes. Between trials, each multisensor probe was rotated to the next set of three sequential channels so that each level of the multi-sensor probe was within the same set of channels. The same investigator read the mercury thermometer temperature throughout the experiment.
Statistical Design and Procedures
The absolute difference between the thermocouple reading and the mercury thermometer reading was computed for each measurement. The means of these individual difference scores was our measure of validity for each thermocouple. Differences in validity between electrothermometers and thermocouple models or subprobes were analyzed with repeated measure analyses of variance (ANOVA). Sheffé multiple comparison tests were used to isolate significant differences between cell means for all experiments.
We computed the mean and standard deviation of the 19 measurements of each thermocouple/trial and used this standard deviation as our measure of reliability. Differences in reliability between electrothermometers and thermocouple models or subprobes were analyzed with a Modified Levene's equal variance test followed by pair wise F-tests when appropriate. 10 Uncertainty was calculated as the sum of the validity and reliability values. Differences less than the manufacture's (± 0.1°C) claims were considered not practically different.
Experiment I. The absolute difference between the thermocouple reading and the mercury thermometer reading was computed for each of the 114 measurements (6 trials, 19 measurements/trial). Means and standard deviations were calculated for each electrothermometer and thermocouple type. A 2-way repeated measures ANOVA was next computed to evaluate differences in electrothermometers and thermocouple model validity. Independent variables were electrothermometer and thermocouple type. The repeated measure was thermocouple, and the dependent variable was the absolute difference between thermocouple and mercury thermometer readings. We used Modified Levene's test to determine if differences existed in thermocouple reliability, represented by the standard deviation of raw temperature data. Locations of specific reliability differences were determined with pair-wise F-tests when appropriate.
Experiment II. Means, absolute differences and standard deviations were calculated for each multi-sensor probe (n = 912, 4 multi-sensor probes × 3 subprobes × 4 trials × 19 measurements/trial). Multi-sensor probe validity was assessed with a 1-way repeated measures ANOVA. The independent variable was subprobe, the repeated measure was thermocouple, and the dependent variable was the absolute difference between the subprobe and the mercury thermometer. Multi-sensor probe reliability was assessed by using a Modified Levene's test to compare the subprobe's raw temperature standard deviations. When appropriate, pair-wise F-tests were used to locate differences between cells.
Results
Experiment I. There were significant differences in validity between electrothermometers (F 2,9 = 92.27, P < 0.0001) and thermocouples (F 2,9 = 5.75, P = 0.02), and a electrothermometer by thermocouple interaction (F 9,2034 = 54.76, P < 0.0001). Therefore two factor interaction multiple range tests were used to locate differences. The validity of the Iso -50:50 and Iso -20:80 electrothermometers were significantly better than the validity the Datalogger (Table 1 ; Sheffé, P < .05). There was no difference between thermocouple model validity within any of the 3 electrothometers (Scheffe, P > .05).
Thermocouple model reliability varied as much as 0.12ºC between electrothermometers. All thermocouple models were less reliable in the Datalogger than either Iso-Thermex unit (Modified Levene's Test for Electrothermometers = 423.67, P < .0001). All statistical differences between the Iso-Thermex units were within 0.02ºC, therefore they have little practical significance ( Table 1) . The PT-6, IT-18, and IT-21 models were all more reliable in either Iso-Themex unit than in the Datalogger (Table 1 ; PT-6: F 227,227 = 1.56, P = .0004 and F 227,227 = 7.56, P < .0001; IT-18: F 227,227 = 25, P < .0001; and F 227,227 = 14, P < .0001; IT-21: F 227,227 = 25, P < .0001).
Although there were differences in thermocouple model reliability within electrothermometers (Modified Levene's Test for Thermocouple Types = 17.25 P < .0001), these differences were small ( Table 1 ). The 0.02ºC and 0.01ºC differences in the Iso-Thermex units may be statically significant, but they are not practically different. The same is true in the Datalogger, where the reliability differences of 0.04ºC are not practically different ( Table 1 ). The uncertainty of the 3 thermocouple models in the 2 Iso-Thermex units ranged from ± 0.09°C to ± 0.19°C for the 3 thermocouples ( Table 2) . Uncertainty of the 3 thermocouple models in the Datalogger ranged from ± 0.51°C to ± 0.75°C.
Experiment II. The 12 temperature means for the 3 thermocouple levels within the multi-sensor probes ranged from 18.22°C ± 0.03°C to 18.25°C ± 0.02°C. The reliability (standard deviation of means) ranged from ± 0.02°C to ± 0.03°C. The difference between the thermocouples within a multi-sensor probe and the mercury thermometer ranged from 0.15°C ± 0.03°C to 0.18°C ± 0.05°C. There was no difference in multi-sensor probe validity (F 3,900 = 1.8, P = .15) yet they were less valid than manufacturers claims, with absolute mean differences greater than 0.1°C. The reliability was statistical different when the 4 multi-sensor probes were compared to each other (Modified Levene's Tests = 1.00, P = .001), but the difference of the 0.01°C was not practically different. Uncertainty for the 3 thermocouples within the multi-sensor probes were ± 0.21°C, ± 0.19°C, and ± 0.18°C for the distal, middle, and proximal thermocouples, respectively. When the levels within multi-sensor probes were averaged, the uncertainty for each multi-sensor probe was ± 0.2°C.
Discussion
Thermocouple model uncertainty (validity ± reliability) when thermocouples are used with the Iso-Thermex electrothermometers, appears to be greater (0.09 to 0.19ºC) than the thermocouple manufactures' claims of 0.1ºC accuracy. Scientists who depend on the manufactures' claims of accuracy rather than measuring their own validity and reliability will be disappointed. Despite these differences, scientist should have little concern when comparing results between studies which use different thermocouple models in the Iso-Thermex electrothermometers, except if differences are less than 0.2ºC.
Thermocouple model uncertainty seems to be greatly influenced by the electrothermometer used to collect the data. Thermocouple model uncertainty was 1.5 to 2.75 times greater when the thermocouples were used with the Datalogger electrothermometer ( Table 1) . With the Datalogger, the thermocouple model validity (± 0.4 to 0.6ºC) contributed more to uncertainty than the thermocouple reliability (± 0.1 to 0.15ºC). In the Iso-Thermex units, thermocouple model reliability and validity differences were less than 0.1ºC (Table. 1 ). The greater uncertainty with the Datalogger should be more concerning to scientist when comparing temperature data with differences of less than 0.5ºC. Differences in the uncertainty (reliability + validity) between the Iso-Thermex and Datalogger confirms previous research. 8 The uncertainty of ± 0.2°C for the Iso-Thermex units and ± 0.51°C to 0.75°C for the Datalogger were slightly greater (ie, they had greater boundaries of error) than their manufacturer's specifications and previous research. 8, 11, 12 The difference between manufacturers and this study may be that Columbus Instruments and Commtest Instruments report the qualitative term "accuracy" instead of the quantitative term "uncertainty." The difference between our work and previous research was probably due to the difference in the actual thermocouples used in the two studies. 8 If thermocouple model has little effect on reliability or validity of temperature measurement, scientists should be able to select thermocouples based on other needs, such as the diameter and lead wire length of the thermocouple model. The smaller models such as the IT-21 requires a smaller gauge needle/catheter for insertion which may be less intimidating to the research subjects. The disadvantage of the IT-21 is its 0.3 m lead length. With such a short lead length, either the subject must be right next to the electrothermometer or an extension cord is needed. The IT-18 and PT-6 do not have this disadvantage since they have lead lengths of 0.9 and 1.5 m, respectively. The IT-18 and PT-6 have other disadvantages. The PT-6 is not implantable and the IT-18 requires a larger needle/catheter for insertion.
The uncertainty of the individual thermocouples within the multi-sensor probe and the 4 multi-sensor probes tested were similar. Because we evaluated these multi-sensor probes in a single Iso-Thermex unit, different results may be observed when examining the uncertainty in a different electrothermometer or at different temperatures.
Our testing was limited to 4 thermocouple models in a single water bath temperature. Therefore, our results may not apply to other thermocouple models or to other water bath temperatures. Despite these limitations, however, we can conclude that scientists using electrothermometers and thermocouples to measure tissue temperature should test and report the reliability, validity, and the calculated uncertainty of their instruments used in data collection. Reporting these values allows scientists and clinicians who read therapeutic modality research to better evaluate the variability among studies.
Most reliability studies report intraclass correlation coefficients (ICC's) values for their data. This would be inappropriate for our data since testing was conducted on a homogenous population, ie, a stable water bath. Intraclass correlation coefficients are used to assess the variability between judges (people, instruments, etc.) when multiple subjects are measured and a true value is not known. [13] [14] [15] Intraclass correlation coefficients reflect the ratio of judge variance to subject variance. [13] [14] [15] [16] If subject variance is low, the ratio is skewed and negative or low ICC values can result despite low judge variance.
14 Our subject variance was 0 since we were measuring a stable water bath's temperature, ie, a homogenous subject population. Calculations of ICC's for our data would result in extremely low, even negative ICC values 14 for our data, despite temperature differences of less than 0.05°C.
The second problem with using ICC's to determine the reliability of our thermocouples is that ICC's report the amount of agreement or consistency between judges.
14,15 Our research questions were not how consistent thermocouples are to one another, rather how different are thermocouple values from a known gold standard, a NIST calibrated thermometer, certified to 0.01°C. If we were to assess the consistency of the mercury thermometer and thermocouples, which would dismiss the idea that we know how correct the mercury thermometer is, we would still have low ICC values due to the low subject variability.
Conclusion
One thermocouple model is not more superior or inferior in its reliability or valid when compared to other PT-6, IT-21, IT-18, or multi-sensor probe thermocouple models. We calculated uncertainty values ± 0.1ºC greater than manufactures' claims of thermocouple accuracy; however, it may not be appropriate to apply these error values to all thermocouples due to the number of thermocouples we tested and because thermocouples deteriorate with use. Therefore, we suggest that scientists using type-t thermocouples test (and report) the reliability and validity of their own specific electrothermometers and thermocouples immediately prior to the experiment. We also suggest readers view existing data as less certain than manufactures claims if authors fail to report the specific accuracy of the equipment they used as measured at the time of the research.
